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Genome-scale modeling of 
Synechocystis metabolism 
Phases: 
Current status:
1. Stoichiometric model of entire metabolism
2. Circadian clock dependency; day-night rhythm
Next:
3. Incorporation of kinetic data
4. Consideration of reactor conditions
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A system’s perspective on metabolism
produces all cellular macromolecules. Modularity and
shared protocols also facilitate the recycling of building
blocks within the system.
This robust design has inherent fragilities. In a bow-tie
structure, a chief source of fragility is that the universal
common currencies responsible for robustness can be
easily hijacked by parasites or used to amplify pathologi-
cal processes. For example, tumor survival is enhanced by
hijacking and upregulating processes that are part of
normal physiological homeostasis. The efficiency and
adaptability of metabolism, coupled with its fragilities,
illustrate a highly/heterogeneous optimized/organized
trade-off/tolerance (HOT) architecture [12]; in other
words, the metabolism bow-tie architecture and associ-
ated protocols allow highly optimized trade-offs between
numerous requirements, such as reaction complexity
(number of substrates in a reaction), genome size,
efficiency (energy required for each reaction) and particu-
larly adaptability, through tolerance to various pertur-
bations and evolvability on longer timescales.
Some general consequences of a HOT architecture are
clear. For example, if every nutrient–product combination
had independent pathways without shared precursors and
carriers, the total genome would be much larger and/or its
encoded enzymes would be vastly more complex. In both
cases, adaptation to fluctuating environments on any
timescale would be difficult. Only an organization such as
the bow tie facilitates the type of extreme heterogeneity
that allows for robust regulation, manageable genome
sizes and biochemically plausible enzymes. Bow-tie struc-
tures and protocols are found throughout biology in
parallel or convergent systems, as well as in homologous
systems. Furthermore, the basic framework of bow ties
described here is used throughout advanced technologies.
Taken together, the convergent evolution in biology and
developments in technology suggest that these structures
and protocols are universal.
Control, robustness and evolvability over multiple
timescales
The robustness of the bow-tie structure with its small knot
of common currencies (carriers and precursors) is that it
facilitates control, accommodating perturbations and
fluctuations on many timescales and spatial scales.
Although metabolism allows large fluctuations in nutri-
ents and products, relatively small fluctuations in ATP are
lethal. But the very architecture that creates this fragility
also helps to alleviate it, because ATP concentrations are
tightly regulated and not easily changed. The structure
also allows great heterogeneity or ‘self-dissimilarity’
throughout metabolism: every possible extreme in enzyme
complexity, specificity, control mechanism, and metabolite
size, concentration and turnover is accommodated.
On fast timescales, fluxes and concentrations of
carriers and precursors are regulated primarily by
allostery and competitive inhibition, which is effected by
the bow-tie structure. With a few high-flux currencies, fast
transient fluctuations in supply and demand have more
opportunity to average out. If a change in fluxes is
required, it is typically easier to regulate a small number
of large fluxes with a few enzymes than a large number of
small fluxes with many enzymes. Thus, the enzymes
closest to the ‘knot’ of metabolism are highly efficient and
specialized, with most catabolism and basic biosynthesis
pathways involving one or several enzymes devoted to
each reaction.
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Figure 1. The nested bow-tie architectures of metabolism input a wide range of nutrients and produce a large variety of products and complex macromolecules using a
relatively few intermediate common currencies. The common currencies and their enzymes form the knot of the bow tie. The overall bow tie can be decomposed into three
principal subsidiary bow ties. One produces the activated carriers, such as ATP, NAD andNADP, that globally supply the cell with energy, reducing power and small moieties.
In parallel, catabolism produces a standard group of 12 precursor metabolites, among them glucose 6-phosphate (G6P), fructose 6-phosphate (F6P), phosphoenolpyruvate
(PEP), pyruvate (PYR), a-ketoglutarate (AKG) and acetyl-coenzyme A (ACCOA), which are the starting points for the biosynthesis of amino acids, nucleotides, carbohydrates,
fatty acids and cofactor building blocks. These building blocks are then used by general-purpose polymerases, particularly in the transcription and translation (trans*) bow tie,
to assemble complex macromolecules. This architecture uses selective homogeneity at the knot to facilitate control, organization and management of the enormous
heterogeneity in enzyme specificity, action and regulation, and in substrate size, flux and concentration. All modern technologies, from manufacturing to the power grid to
the Internet, are organized with bow ties.
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GENOME-SCALE METABOLIC 
NETWORK MODELS
✓Entire metabolic network ✓Reaction stoichiometry✓ Steady state assumption✓ min/max flux bounds✓ optimization approach ✓ NO KINETICS
➡ Well-defined mathematical 
problem/linear programming
➡ Industrially-relevant predictions 
can be made
➡ Fundamental questions about 
metabolic network organization and 
whole cell physiology can be asked
INPUT
OUTPUT
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X
J1=1
J2
J3
J4
Solution flux space
constrained by:
• steady-state
• stoichiometry
• all fluxes positive (irr)
• input flux
maximal value 
of J2
(single solution)
+ capacity constraint
J2≤0.6
Objective: max J2
+ capacity constraint
J3≤0.2
All solutions to 
maximal values of J2
lie on a line
All solutions to 
maximal values of J2
lie on a line
An whole space 
of optimal 
flux solutions 
can exist 
Flux balance analysis in a nutshell
(our main modeling formalism)
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Genome-scale model of Nogales et al. 2012 expanded with reactions from Knoop et al. 2010
906 reactions and 818 metabolites
Model status
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Genome-scale model of Nogales et al. 2012 expanded with reactions from Knoop et al. 2010
906 reactions and 818 metabolites
Model status
reactions:
e.g. glucose+ATP <=> glucose6P+ADP
charge and element balanced
clickable map, with link to gene and metabolite databases
simulation and experiment can be visualized on map
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Nv = 0
8i : vmini  vi  vmaxi
max(vX = µ)translation into
linear program
(or MILP....)
Computation in Pysces 
(in-house simulation package
for dynamic and stoichiometric 
modeling of large system)
Output
visualization 
on network map
Simulation procedure
Assessment of results
Comparison to experimental data
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Consideration of day/night rhythms (1st attempt)
Optimization of growth during the day
Assumptions: 
- biomass yield (g DRW/mol photon) is optimized. Growth rate 0.088 hr-1 (exp data).
- protein turnover equals maintenance costs; CO2 as carbon source
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Consideration of day/night rhythms (1st attempt)
Production of glycogen to prepare for the night
Assumptions: 
- glycogen yield (mol glycogen/mol photon) is optimized.
- protein turnover equals maintenance costs; CO2 as carbon source
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Consideration of day/night rhythms (1st attempt)
Maintenance and glycogen consumption during the night
Assumptions: 
- protein yield (mol protein/mol glycogen) is minimized to obtain the “cheapest” 
maintenance strategy.
Shift from photosynthesis 
to oxidative phosphorylation
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Optimal metabolism (growth & glycogenolysis) over time. 
We estimated protein turnover rates, which 
sets the glycogen requirement for the night 
phase.
The model predicts:
- exponential growth during the day
- glycogen synthesis just before dark
- no growth during the night
Metabolic strategy optimization: 
optimization of biomass over 
circadian cycles
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Future plans:
Simulation strategies for metabolic engineering of Synechocystis
For a circadian-rhythm enforced 
simulation:
• Assessment of metabolic flexibility
• identification of flux routes that reduce 
product yield
• Identification of intracellular 
metabolic fluxes that limit production 
flux
• e.g. assessment of redox problems
• Design of optimal knockout strategy
We have the programming code for classical problems. Proper linkage to 
circadian rhythm and explicit consideration of cell growth requires 
further attention. This is a new problem in the genome-scale modeling 
field.  No reason to believe that this cannot be done.
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Future plans:
Simulation strategies for metabolic engineering of Synechocystis
NightDay
growth
glycogen 
production
photosynthesis
oxidative phosphorylation
glycogen consumption
product formation
What is unclear is and will be investigated next:
1. when those processes should start and end
2. which metabolic pathways are active and how they change in activity over time
3. comparisons with experimental data (flux, microarrays)
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Future plans:
Incorporation of kinetic models to integrate kinetic control
Candidates:
• Calvin cycle (exists)
• Photosynthesis 
(Grondelle)
• Circadian rhythm (Ten 
Wolde)
•Glycolysis/glycogenolysis
(extension of in-house 
models)
This leads to a so-called hybrid model (kinetic + 
stoichiometric segments)
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Future plans:
Consideration of reactor conditions
Metabolism sets
nutrient and product 
dynamics
Settings and biomass 
amount set boundary 
conditions for metabolic
model
This leads to a so-called multi-scale model
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Conclusions
• Investigation of the entire metabolism of Synechocystis 
• Incorporation of day-night rhythms
• Identification of optimal metabolic strategies for growth 
and product formation
Next,
• incorporation of kinetic models
• consideration of reactor conditions
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